Introduction {#sec1-0271678X16666551}
============

Intracerebral hemorrhage (ICH) is an important public health problem with high rates of mortality and disability. The focus of many therapeutic interventions to date has been toward the prevention of hematoma expansion. Hemostatic and antihypertensive therapies are two such interventions, but thus far, those efforts have not reduced hematoma expansion or improved outcomes.^[@bibr1-0271678X16666551]^ Emerging results show that the inflammatory cascade accelerates the formation of edema that surrounds hematomas, exacerbates the mass effect, and amplifies the cell death process.^[@bibr2-0271678X16666551][@bibr3-0271678X16666551][@bibr4-0271678X16666551][@bibr5-0271678X16666551]--[@bibr6-0271678X16666551]^ As resident cells in the brain, microglia are the first responders to ICH and engage in intimate cross-talk with other intrinsic brain cells and infiltrating leukocytes that enter the brain from the periphery through the compromised blood--brain barrier (BBB).^[@bibr3-0271678X16666551],[@bibr7-0271678X16666551],[@bibr8-0271678X16666551]^ Following ICH, microglia acquire properties of antigen presentation, reactive species generation, phagocytosis, and the production of inflammatory mediators including matrix metalloproteinase (MMP), tumor necrosis factor-α (TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 (IL-6).^[@bibr8-0271678X16666551][@bibr9-0271678X16666551][@bibr10-0271678X16666551][@bibr11-0271678X16666551]--[@bibr12-0271678X16666551]^ Of note, microglia also possess an anti-inflammatory role by secreting factors such as interleukin-4 (IL-4) and interleukin-10 (IL-10) during the resolution and repair processes, upon returning to a surveillance state.^[@bibr13-0271678X16666551],[@bibr14-0271678X16666551]^ These features imply that microglia would be active players during hematoma expansion and secondary brain injury. However, the impact of microglia on the outcome of ICH remains unclear.

The survival of microglia depends on colony stimulating factor 1 receptor (CSF1R) signaling.^[@bibr15-0271678X16666551],[@bibr16-0271678X16666551]^ CSF1R is expressed by myeloid lineage cells including macrophages, microglia, and osteoclasts.^[@bibr17-0271678X16666551]^ In the brain, microglia are the only cell type that expresses CSF1R under physiological conditions.^[@bibr18-0271678X16666551],[@bibr19-0271678X16666551]^ Of note, CSF1R knockout mice are born without microglia and mice lacking either of its two ligands, CSF1 or IL-34, also have reduced microglial numbers.^[@bibr18-0271678X16666551],[@bibr20-0271678X16666551],[@bibr21-0271678X16666551]^ It has also been demonstrated that treatment of adult mice with PLX3397 for 21 days, a CSF1R inhibitor, leads to nearly complete elimination of 99% of all microglia from the adult central nervous system (CNS) and reduces lipopolysaccharide (LPS) neuroinflammation, but does not affect cognition or behavior.^[@bibr15-0271678X16666551],[@bibr22-0271678X16666551]^ Moreover, microglia elimination persists throughout the entire period of treatment, allowing for indefinite microglial elimination from the adult brain.^[@bibr15-0271678X16666551]^ Therefore, CSF1R inhibition offers an opportunity to investigate the pathogenesis of ICH in relation to microglia. In this study, we adopted two models for ICH by injection of collagenase or autologous blood to mice, respectively. We administered PLX3397 to ICH mice and quantified neurological function and brain pathology. Our results show that CSF1R inhibition eliminates microglia and confers protection after ICH.

Materials and methods {#sec2-0271678X16666551}
=====================

Human brain specimens {#sec3-0271678X16666551}
---------------------

Human brain sections were obtained from Tianjin General Hospital (Tianjin, China) and Barrow Neurological Institute (Phoenix, AZ, USA). The institutional review board (IRB) protocols were approved by the review board in Tianjin General Hospital and Barrow Neurological Institute. Among the eight cases studied, five cases were from the perihematomal tissues of ICH patients who underwent surgical evacuation of hematoma within 24 h of onset at Tianjin General Hospital. The other three cases were from individuals who died from non-neurological diseases and used as controls, which were collected within 4 h after death. Subjects of non-neurological controls had no history of neurological or neuropsychiatric diseases, which was confirmed by histopathological examination.

Mice {#sec4-0271678X16666551}
----

All animal experiments were approved by the Committee on the Ethics of Animal Experiments of Tianjin Neurological Institute (Tianjin, China) and Barrow Neurological Institute (Phoenix, AZ, USA), and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals in China and Guide for the Care and Use of Laboratory Animals in USA. Eight to ten week old C57BL/6 male mice were used in this study. All mice were housed in pathogen-free conditions at the animal facilities at Tianjin Neurological Institute or Barrow Neurological Institute. All surgeries were performed under anesthesia. Reporting of this study complies with the ARRIVE (Animal Research: Reporting in vivo Experiments) guidelines (<https://www.nc3rs.org.uk/arrive-guidelines>).^[@bibr23-0271678X16666551],[@bibr24-0271678X16666551]^

Administration of PLX3397 {#sec5-0271678X16666551}
-------------------------

PLX3397 (Selleckchem, Houston, TX) was dissolved in dimethyl sulfoxide followed by dilution with phosphate-buffered saline (PBS). As previously described,^[@bibr25-0271678X16666551],[@bibr26-0271678X16666551]^ mice received daily treatment with vehicle PBS or PLX3397 (40 mg/kg) by oral gavage for 21 days prior to ICH induction. The treatment was continued until the end of experiments.

ICH induction {#sec6-0271678X16666551}
-------------

Mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Thereafter, mice were placed in a stereotactic frame and a 1 mm hole in diameter was drilled on the right side of skull (2.3 mm lateral to midline, 0.5 mm anterior to bregma). We injected mice using an infusion pump (Kd Scientific Inc., Holliston, MA) in the right striatum with 0.0375U bacterial collagenase (Type IV-S, Sigma, St. Louis, MO) in 0.5 μl saline at a rate of 1 μl/min at a depth of 3.7 mm beneath the skull, as previously described.^[@bibr12-0271678X16666551],[@bibr27-0271678X16666551]^ In some experiments, ICH was also induced by injection of autologous blood using a double-injection method as in our and other's previously publication.^[@bibr28-0271678X16666551],[@bibr29-0271678X16666551]^ Thirty microliters of non-heparinized autologous blood was withdrawn from the angular vein and infused as described. The first 5 μl was injected at a rate of 1 μl/min at a depth of 3 mm beneath the hole to generate a clot after which the needle was moved to a depth of 3.7 mm and paused for 5 min. The remaining 25 μl was injected at the same rate of 1 μl/min. Sham controls were injected with an equal volume of saline. During surgery, body temperature was maintained at 37℃ ± 0.5℃. The skull hole was closed with bone wax and the incision was closed with sutures following surgery. To avoid dehydration, 0.5 ml of saline (0.9% NaCl) was given to each mouse by s.c. injection immediately after surgery, before being placed in a cage with free access to food and water. These two procedures of ICH induction resulted in reproducible lesions mostly restricted to the striatum.

Neurological deficit and brain water content assessment {#sec7-0271678X16666551}
-------------------------------------------------------

Neurological tests were performed at days 1 and 3 after ICH by at least two investigators blind to PLX3397 treatment. The modified Neurological Severity Score (mNSS) and corner turning test were performed as previously described.^[@bibr30-0271678X16666551],[@bibr31-0271678X16666551]^ The mNSS rates neurological functioning on a scale of 15 and includes a composite of motor, sensory, reflex, and balance tests. The mouse was given one point for the inability to perform each test while deducting one point for the lack of a tested reflex. Finally, an overall score was given to determine impairment in each mouse. The corner turning test was used to assess sensorimotor and postural asymmetries, the tested mouse was allowed to go into a corner with an angle of 30 degrees and was required to turn either to the left or the right to exit the corner. This was repeated and recorded for 10 times, with at least 30 s between trials, and the percentage of right turns in total turns was calculated in this study.

For brain water content assessment, after euthanasia and decapitation at day 3 after ICH, brains were placed into a brain-cutting matrix. Brains were immediately divided into three parts: left hemisphere, right hemisphere, and cerebellum. The tissues were then weighed to obtain the wet weight, followed by drying for 24 h at 100℃ to obtain the dry weight. Brain water content was calculated using the following formula: (Wet Weight − Dry Weight)/Wet Weight × 100%.

Neuroimaging {#sec8-0271678X16666551}
------------

To detect reactive oxygen species (ROS) generation in the mouse brain after ICH, live bioluminescence images were captured using a Xenogen IVIS200 imager (Caliper LifeSciences, Hopkinton, MA) after i.p. injection of 200 mg/kg Luminol (Invitrogen).^[@bibr32-0271678X16666551],[@bibr33-0271678X16666551]^ Signal intensities from the brain were defined and measured in the efficiency mode with the Xenogen system. Data were collected as photons per second per cm^2^ using Living Image software (Caliper Life Sciences, Hopkinton, MA).

Magnetic resonance imaging (MRI) was performed using a 7T small-animal MRI, 30-cm horizontal-bore magnet, and BioSpec Avance III spectrometer (Bruker Daltonics Inc., Billerica, MA), which has a 116-mm high-power gradient set (600 mT/m) and a 72-mm whole-body mouse transmit/surface receive coil configuration.

The T2-weighted images (T2) were obtained using the following parameters: repetition time (TR) = 4500 ms, echo time (TE) = 65.5 ms, field of view (FOV) = 28 × 28 mm^2^, image matrix = 256 × 256, 0.5-mm slice thickness, total 40 scanned slices. Susceptibility weighted imaging (SWI) measurements used a three-dimensional gradient-echo sequence that is sensitive to the presence of paramagnetic substances such as iron compounds. SWI data were acquired with TR 30 ms and TE 10 ms, flip angle = 25°, FOV = 32 × 32 × 16 mm^3^, image matrix = 256 × 256. ICH lesion volumes were determined on T2 and hematoma volumes were determined on SWI with the use of MIPAV software (Supplemental Fig. 1A). The lesion and hematoma volumes were evaluated by at least two blinded investigators. The lesion and hematoma were traced manually on each slice. The areas were then summed and multiplied by the slice thickness. Perihematomal edema volumes were calculated as total lesion volume minus the hematoma volume.

The T1 post-contrast images were recorded after administration of the contrast agent to assess the change in BBB permeability (Supplemental Fig. 1B). Images were acquired with TR = 322 ms and TE = 10.5 ms, FOV = 28 mm, image matrix = 256 × 256, 0.5-mm slice thickness. The post-contrast T1 was obtained 10 min after the administration of gadopentetate dimeglumine (Gd-DTPA) (Magnevist, Schering AG, Berlin, Germany) with dosage of 0.2 mmol/kg bodyweight. MRI data were analyzed using the MED × 3.4.3 software package (Medical Numerics Inc, Germantown, MA) on a LINUX workstation. Subtraction maps were obtained by subtracting the pre-contract T1 images from the post-contrast T1 images. Through this process of imaging and measurement methods, mixed signals stemming from necrotic tissue or coagulated blood were removed. Estimates of the permeability index expressed as rT1, a ratio of the mean signal intensity of a region of interest on the infarction to that of the contralateral homologous normal brain area, were produced using the subtraction maps.^[@bibr34-0271678X16666551]^

Histology stains {#sec9-0271678X16666551}
----------------

Immunofluorescence staining was performed as we previously described.^[@bibr32-0271678X16666551],[@bibr33-0271678X16666551],[@bibr35-0271678X16666551]^ Mice were perfused with PBS followed by 4% paraformaldehyde (PFA). Brains were removed and embedded in paraffin. Five-micrometer thick coronal sections were deparaffinized and rehydrated in a series of ethanol dilutions. Sections were permeabilized and incubated with a blocking solution consisting of 5% goat serum or 5% donkey serum, followed by incubating with antibodies against Iba1 (Wako, Richmond, VA), IL-6 (Santa Cruz Biotechnology, Paso Robles, CA), IL-1β (Santa Cruz Biotechnology, Paso Robles, CA), CD31 (Invitrogen, Carlsbad, CA), or Claudin5 (Invitrogen, Carlsbad, CA) at 4℃ overnight. After washing with PBS, slices were incubated with appropriate fluorochrome conjugated secondary antibodies: donkey anti-rabbit 488 (Invitrogen, Carlsbad, CA), donkey anti-mouse 594 (Invitrogen, Carlsbad, CA), and goat anti-rat 555 (Invitrogen, Carlsbad, CA), respectively, at room temperature for 1 h. Finally, all the slices were incubated with fluoro-shield mounting medium with DAPI (Abcam, Cambridge, MA). Images were taken with a fluorescence microscope (Model BX-61, Olympus, Center Valley, PA). The intensity of immunofluorescence was quantified by using ImageJ (U.S. National Institutes of Health, Washington, DC).

Cresyl violet (Sigma, St. Louis, MO) for neurons and luxol fast blue (Fisher Scientific, Allentown, PA) for myelin staining was performed as previously described.^[@bibr36-0271678X16666551]^ After MRI scanning, the brain was fixed in 4% PFA and dehydrated with 30% sucrose for 2 days at 4℃. Fifty-micrometer-thick cryostat brain sections with a 200 µm interval in the lesion area from each mouse were stained with luxol fast blue and cresyl violet. Injury size was analyzed blindly on each section by two neuroradiologists using ImageJ. A total injury volume was calculated by summation of the volumes on all the sections and then multiplied by the interval.

Flow cytometry {#sec10-0271678X16666551}
--------------

Flow cytometry was performed to analyze immune cell infiltration and microglia cytokine expression. Briefly, the brain was removed after perfusion with cold PBS and mechanically cut into small pieces using sharp scissors. In all, 1 mg/ml collagenase (Sigma, St. Louis, MO) in 10 mM Hepes/NaOH buffer solution was used to digest the brain tissue at 37℃ for 1 h. Cell pellets were collected by centrifugation at 1500 rpm for 5 min, then re-suspended in 70% percoll (Sigma, St. Louis, MO) and 30% percoll was overlaid on top. The gradient was centrifuged at 2000 rpm for 30 min at RT without brake. The monolayer between the interface of 30/70% percoll was harvested as mononuclear cells. Single cells suspensions were stained with antibodies or isotype controls. All antibodies were purchased from BD Bioscience, Inc (San Jose, CA) or eBioscience, Inc (San Diego, CA), unless otherwise indicated. The procedure of cell staining followed the manual protocol. The following antibodies were used: CD3 (145-2C11), NK1.1 (PK136), CD8 (53-6.72), CD45 (30-F11), CD11b (M1/70), CD4 (GK1.4), F4/80 (6F12), Ly6G (1A8), IL-1β (B122), IL-6 (MQ2-6A3), CD19 (1D3). Flow cytometric data were acquired on a FACSAria flow cytometer (BD Biosciences, San Jose, CA) and analyzed with Flow Jo software version 7.6.1 (Informer Technologies, Walnut, CA).

Western blot {#sec11-0271678X16666551}
------------

Brain tissues were homogenized and lysed in RIPA buffer (Sigma, St. Louis, MO, USA) supplement with 1 mmol/L phenylmethanesulfonyl fluoride (PMSF) (Sigma, St. Louis, MO, USA). The supernatant was harvested for protein analysis after centrifugation. Proteins were resolved by 10% SDS-PADE and transferred to a PVDF membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5% nonfat milk solution for 1 h at room temperature, then incubated with primary antibodies against anti-claudin-5 (1:1000, Invitrogen, Grand Island, NY, USA) and anti-β-actin (1:1000, Cell Signaling Technology, Danvers, MA, USA) overnight at 4℃. After washing, the membrane was incubated with HRP-conjugated rat anti-mouse and goat anti-rabbit secondary antibodies (1:4000; Zymed, Carlsbad, CA, USA) for 1 h at room temperature. Immunoactive bands were detected and captured using a gel imaging system (Bio-Rad, Hercules, CA, USA). The intensity of each band was quantified by the Quantity One software (Bio-Rad, Hercules, CA, USA).

ELISA {#sec12-0271678X16666551}
-----

Inflammatory cytokines in brain tissues were analyzed with the enzyme-linked immunosorbent assay (ELISA). Brain homogenates were prepared from ICH mice with or without treatment of PLX3397 at day 3 after ICH. After the total protein concentration was adjusted to 1 mg/mL, cytokine levels in these samples were detected using a Mouse Inflammatory Cytokines Multi-Analyte ELISArray Kit (SABioscience, Valencia, CA) according to the manufacturer's instructions, as previously described.^[@bibr33-0271678X16666551]^

Statistical methods {#sec13-0271678X16666551}
-------------------

All values are expressed as mean ± SEM. Statistical data analyses were performed using Graphpad 5.0 software. Two-tailed unpaired students *t-*test was used to determine significance of two groups. One-way ANOVA followed by Tukey post hoc test or by two-way ANOVA with multiple comparisons were used for comparison of multi-group data. Values of *p* \< 0.05 were considered significant.

Results {#sec14-0271678X16666551}
=======

Microglial activation and production of inflammation mediators after ICH in humans and mice {#sec15-0271678X16666551}
-------------------------------------------------------------------------------------------

Cells expressing the microglial marker Iba-1 were populated in the perihematomal brain sections from patients within 24 h after ICH ([Figure 1(a)](#fig1-0271678X16666551){ref-type="fig"}). Differing from the healthy controls, microglia in ICH patients had larger size with thick proximal processes ([Figure 1(a)](#fig1-0271678X16666551){ref-type="fig"}), together with the up-regulation of inflammatory mediators such as IL-1β and IL-6 ([Figure 1(a) and (b)](#fig1-0271678X16666551){ref-type="fig"}). Figure 1.Microglial activation and production of inflammation mediators after ICH. (a) Immunostaining of brain sections from ICH patients or non-neurological disease controls shows Iba-1^+^ cells (green) expressing interleukin-1 beta (IL-1β) (red) and IL-6 (red). Scale bar: 50 µm; insert: 20 µm. (b) Quantification of microglia expressing IL-1β and IL-6 in the brain section from non-neurological disease controls and patients with ICH. n = 20 sections from five ICH patients, n = 15 sections from three non-neurological controls in three independent experiments. Mean ± s.e.m. \*p \< 0.05. (c,d) Expression of IL-1β and IL-6 in microglia (CD11b^+^CD45^int^) from sham control and ICH mice induced by injection of collagenase (0.0375U). Single cell suspensions were prepared from mouse brain tissues at 24 h after ICH or sham procedures. ICH was induced by collagenase injection. Quantification of microglia expressing IL-1β or IL-6 were determined by flow cytometry (c). Summarized results from three independent experiments are shown in (d). Mean ± s.e.m. n = 6 mice per group, \*p \< 0.05; \*\*p \< 0.01.

Next, we examined microglia expressing IL-6 or IL-1β in ICH mice induced by injection of collagenase. At day 1 after ICH, flow cytometry analysis shows increased percentage of IL-6- or IL-1β-expressing cells in microglia isolated and gated as the CD11b^+^CD45^int^ subset ([Figure 1(c) and (d)](#fig1-0271678X16666551){ref-type="fig"}). These data indicate early activation of microglia and their expression of inflammatory mediators following ICH.

CSF1R inhibition eliminates microglia in the brain after ICH {#sec16-0271678X16666551}
------------------------------------------------------------

As shown in [Figure 2(a)](#fig2-0271678X16666551){ref-type="fig"}, mice were treated with vehicle PBS or PLX3397 for consecutive 21 days prior to ICH induction. Treatment was sustained until the end of experiments. At day 3 after ICH induced by injection of collagenase, the efficacy of microglia elimination by PLX3397 treatment was determined using flow cytometry ([Figure 2(b) and (c)](#fig2-0271678X16666551){ref-type="fig"}). We found that ∼90% of microglia (CD11b^+^CD45^int^) cells were depleted in mice subjected to PLX3397 treatment before or after ICH ([Figure 2(b) and (c)](#fig2-0271678X16666551){ref-type="fig"}). In contrast, the number of monocytes or macrophages in the spleen were not significantly altered after PLX3397 treatment for 21 days and Iba-1^+^ cells in the brain are not CD169^+^ cells in control mice receiving vehicle (CD169 is a specific marker of monocytes and can be used to distinguish microglia from infiltrating myeloid cells, data not shown).^[@bibr37-0271678X16666551],[@bibr38-0271678X16666551]^ These data demonstrate the efficacy of microglia depletion using PLX3397 and show that the dependence of CSF1R for microglia survival is independent of ICH activation. Figure 2.CSF1R inhibition eliminates microglia in brain. (a) Schematics of microglia depletion and experimental design. Mice were treated with 40 mg/kg body weight PLX3397 for 21 days before ICH induction and continued until the end of experiments. (b,c) After PLX3397 treatment for 21 days, ICH was induced by injection of 0.0375U collagenase. After ICH, treatment was continued until mice were sacrificed. At day 3 after ICH, the number of brain microglia (CD45^int^CD11b^+^) was analyzed by flow cytometry in the following groups of mice: ICH and non-ICH control mice receiving PLX3397 or vehicle. Gating strategy (b) and summarized results from two independent experiments (c) are shown. Mean ± s.e.m. n = 6 mice per group, \*\*p \< 0.01.

CSF1R inhibition attenuates neurodeficits and brain edema after ICH {#sec17-0271678X16666551}
-------------------------------------------------------------------

To determine the impact of CSF1R inhibition and microglia depletion on brain injury after ICH, we examined neurodeficits, lesion volume, perihematomal edema, and brain water content in ICH mice receiving PLX3397 or vehicle controls. Neurodeficits were assessed using a mNSS and corner turning test. Brain edema and hemorrhage volume were evaluated with T2 and SWI MRI images at day 3 after ICH in both models (Supplemental Fig. 1A). Brain water content was measured using the wet/dry weight method. We found that PLX3397 reduced neurodeficits, lesion volume, perihematomal edema, and brain water content after ICH induced by injection of collagenase or autologous blood ([Figure 3(a)--(f)](#fig3-0271678X16666551){ref-type="fig"}). Figure 3.CSF1R inhibition attenuates neurodeficits and brain edema in two mouse models of ICH. (a--f) PLX3397 reduced neurodeficits, lesion volume, and perihematomal edema volume after ICH. Representative 7T MRI images and quantification of lesion volume and perihematomal edema volume in ICH mice receiving PLX3397 treatment versus untreated controls. ICH was induced by injection of autologous blood (a) or collagenase (b), mice treated with PLX3397 had reduced neurodeficits than untreated controls at indicated time points after ICH induced by injection of autologous blood (a) and collagenase (b). Multi-modal 7T MRI were performed to visualize lesion (T2) and hematoma (SWI). Perihematomal edema volume was calculated by subtracting the hematoma volume from lesion volume. Red lines delineate lesion area, yellow shaded regions represent hematoma area. The method used to determine perihematomal edema volume is depicted in Supplemental Fig. 1A. At day 3 after ICH, lesion volume and brain edema were assessed by this method in autologous blood model (c) and collagenase model (d). At day 3 after ICH, PLX3397 treatment decreased brain water content in ipsilateral hemisphere in autologous blood model (e) and collagenase model (f). Mean ± s.e.m. n = 10 mice per group from two independent experiments, \*p \< 0.05.

The benefit of CSF1R inhibition is independent of lesion size or hematoma volume {#sec18-0271678X16666551}
--------------------------------------------------------------------------------

The clinical heterogeneity of stroke results in various brain lesion sizes that may determine the extent of microglial activation and brain inflammation after stroke.^[@bibr39-0271678X16666551]^ To determine whether the protection conferred by CSF1R inhibition can be affected by lesion size after ICH, we induced ICH by injection of different volumes of collagenase (0.01, 0.03, and 0.05 U) to produce different hemorrhagic injury volumes. PLX3397 reduced neurodeficits, lesion volume, and perihematomal edema in ICH mice receiving different volumes of collagenase ([Figure 4(a)--(e)](#fig4-0271678X16666551){ref-type="fig"}). These results suggest that microglia may significantly contribute to brain injury even if the initial lesion size is small, implying microglia as an active yet sensitive player in hemorrhagic brain injury. Figure 4.The benefit of CSF1R inhibition is independent of hemorrhagic injury volume. ICH was induced by injection of 0.01U, 0.03U, and 0.05U collagenase. Neurological deficits and lesion volume, as well as perihematomal volume were measured at day 3 post-surgery. (a,b) ICH mice treated with PLX3397 had lower mNSS score and better performance in the corner turn test. Mean ± s.e.m. n = 6 mice per group, \*p \< 0.05. (c--e) PLX3397 treatment reduced lesion volume and perihematomal volume in ICH mice. Red lines delineate lesion volume, yellow shaded areas depict hematoma area. Mean ± s.e.m. n = 6 mice per group from two independent experiments, \*p \< 0.05.

CSF1R inhibition reduces brain-infiltrating leukocytes after ICH {#sec19-0271678X16666551}
----------------------------------------------------------------

In addition to microglial activation, infiltrating leukocytes and their intimate crosstalk with microglia can contribute to brain inflammation and brain damage after ICH. To determine the impact of CSF1R inhibition and microglia elimination on inflammatory responses, we gated and quantified cellular infiltrates after ICH ([Figure 5(a)](#fig5-0271678X16666551){ref-type="fig"}). At day 1 after ICH, the numbers of CD4^+^ T cells (CD45^high^ CD3^+^CD4^+^), NK cells (CD45^high^CD3^−^NK1.1^+^), macrophage (CD45^high^CD11b^+^F4/80^+^), and neutrophils (CD45^high^CD11b^+^Ly-6G (1A8)^+^) in the brain were reduced in ICH mice treated with PLX3397 ([Figure 5(b)](#fig5-0271678X16666551){ref-type="fig"}). At day 3 post-ICH, the number of assessed immune cell subsets (CD4^+^ T cell, CD8^+^ T cell, B cell, NK cell, macrophage, and neutrophil) were all reduced in ICH mice treated with PLX3397 ([Figure 5(c)](#fig5-0271678X16666551){ref-type="fig"}). This result shows that CSF1R inhibition and microglia elimination reduce leukocyte infiltration in the brain after ICH, suggesting a key role for microglia in the enhancement of immune cell homing into the brain. Figure 5.CSF1R inhibition reduces brain-infiltrating leukocytes after ICH. ICH was induced by 0.0375U collagenase injection. At day 1 or 3 after ICH, inflammatory cells were isolated from brain tissues of ICH mice treated with PLX3397 or vehicle (control). (a) Gating strategy of brain-infiltrating immune cells including CD4^+^T cell (CD45^high^CD3^+^CD4^+^), CD8^+^ T cell (CD45^high^CD3^+^CD8^+^), B cell (CD45^high^CD3^−^CD19^+^), NK cell (CD45^high^CD3^−^NK1.1^+^), macrophage (CD45^high^CD11b^+^ F4/80^+^), and neutrophils (CD45^high^ CD11b^+^ Ly-6G(1A8)^+^). (b,c) Summarized results show declined infiltration of lymphocytes, monocytes, and neutrophils in the brain of ICH mice receiving PLX3397 treatment at day 1 and 3. Mean ± s.e.m. n = 6 mice per group from three independent experiments, \*p \< 0.05.

CSF1R inhibition reduced brain inflammation after ICH {#sec20-0271678X16666551}
-----------------------------------------------------

ROS are a key factor that activates cell death pathways. We quantified ROS levels using in vivo bioluminescence imaging at day 3 after ICH in collagenase model and found dramatically reduced ROS signals in ICH mice treated with PLX3397 relative to controls ([Figure 6(a) and (b)](#fig6-0271678X16666551){ref-type="fig"}). To understand the impact of microglial depletion on the expression of inflammatory mediators, we measured the levels of inflammatory cytokines in brain homogenates of ICH mice with or without PLX3397 treatment. Of interest, brain homogenates from ICH mice receiving PLX3397 had lower protein levels of interleukin-1 alpha (IL-1α), IL-1β, IL-6, interferon gamma (IFN-γ), and granulocyte-macrophage colony-stimulating factor (GM-CSF) than untreated controls ([Figure 6(c)](#fig6-0271678X16666551){ref-type="fig"}), whereas PLX3397 does not affect the expression of these factors at baseline level before ICH (data not shown). Reportedly, CSF1R inhibition can eliminate microglia without affecting the baseline expression of inflammatory cytokines in the brain.^[@bibr15-0271678X16666551]^ These data indicate that CSF1R inhibition and microglia depletion can reduce brain inflammation after ICH. Figure 6.CSF1R inhibition reduced brain inflammation after ICH. ICH was induced by injecting 0.0375U collagenase. (a,b) Visualization of ROS generation in vivo bioluminescence imaging and quantification of signal strength in ICH mice receiving PLX3397 and vehicle at day 3 after collagenase model induction. (c) At day 3 after ICH, expression of inflammatory mediators in ICH mice treated with PLX3397 versus untreated controls. Cytokine expression was detected using a Multi-Analyte ELISArray kit. Mean ± s.e.m. n = 3 mice per group from two independent experiments, \*p \< 0.05.

CSF1R inhibition preserves the integrity of BBB after ICH {#sec21-0271678X16666551}
---------------------------------------------------------

BBB dysfunction after ICH can contribute to vasogenic brain edema and perihematomal edema expansion.^[@bibr1-0271678X16666551],[@bibr7-0271678X16666551]^ We therefore examined the impact of CSF1R inhibition and microglia depletion on the integrity of the BBB after ICH. The presence of parenchymal enhancement on contrast enhanced T1 is generally accepted as an indicator of contrast medium leakage across the disrupted BBB. We further evaluated the vascular permeability based on the images collected in the ICH models. As in [Figure 7(a) and (b)](#fig7-0271678X16666551){ref-type="fig"}, parenchymal enhancement of vehicle group is much higher than in the PLX3397 treated group. Western blot and immunostaining show that PLX3397 preserved a tight junction protein, claudin-5, after ICH ([Figure 7(c)--(f)](#fig7-0271678X16666551){ref-type="fig"}). These results suggest that CSF1R inhibition and microglia depletion can preserve BBB integrity after ICH. Figure 7.CSF1R inhibition preserves the integrity of blood--brain barrier after ICH. ICH was induced by injecting 0.0375U collagenase. (a) MRI was performed to determine the permeability of the blood--brain barrier in ICH mice treated with PLX3397 or vehicle. Images were scanned under T1 sequence before and after injection of Gd-TDPA at day 3 after ICH. Gd-enhancement was calculated as follows: rT1% = (mean signal intensity of a region of the ipsilateral − mean signal intensity of the contralateral homologous normal brain area)/mean signal intensity of the contralateral homologous normal brain area. (b) Bar graph shows PLX3397 reduced Gd-enhancement at day 3 after ICH. Mean ± s.e.m. n = 3 mice per group from two independent experiments, \*p \< 0.05. (c) Western blot was performed to assess the expression of claudin-5 in the ipsilateral hemisphere of ICH mice treated with PLX3397 versus vehicle controls. (d) Bar graph shows higher expression level of claudin-5 in the ipsilateral hemisphere of ICH mice treated with PLX3397. n = 6 mice per group. (e) Brain sections from ICH mice treated with PLX3397 or vehicle were stained with CD31 (green) and claudin-5 (red) at day 3 after ICH. Scale bar: 50 µm; insert: 20 µm. (f) Summarized results show that ICH mice treated with PLX3397 had reduced claudin-5 loss in immunofluorescence intensity within the lesion area. Mean ± s.e.m. n = 12 sections from three mice per group from three independent experiments, \*p \< 0.05.

Discussion {#sec22-0271678X16666551}
==========

This study provides novel evidence that microglia exert a detrimental impact on hemorrhagic brain injury. As documented here, microglial elimination by CSF1R inhibition can be sustained after ICH. The depletion of microglia reduces lesion size, brain edema, and neurodeficits in two separate ICH mouse models. The protection conferred by CSF1R inhibition is independent of ICH volume. Importantly, microglial elimination attenuates leukocyte infiltration and inflammatory cytokine levels in the brain after ICH. Moreover, removal of microglia preserves the integrity of the BBB after ICH. In addition to supporting a deleterious role of microglia, these findings show that microglia are critical for the development of inflammatory responses after ICH, suggesting that microglia may be pivotal for neural-immune crosstalk during acute hemorrhagic brain injury.

Evidence suggests that microglial activation occurs very early after ICH.^[@bibr40-0271678X16666551]^ The mixed yet unclear role of microglia in brain injury is suggested by their multiple capabilities of phagocytosis, production of inflammatory or anti-inflammatory cytokines, and antigen presentation.^[@bibr41-0271678X16666551],[@bibr42-0271678X16666551]^ Despite previous studies showing that microglial activation correlates with observations of perihematomal edema in ICH and inhibition of microglia activation via minocycline or PPAR-γ agonists can provide neuroprotection after ICH,^[@bibr43-0271678X16666551],[@bibr44-0271678X16666551]^ no direct evidence is available to understand the precise contribution of microglia to hemorrhagic brain injury. In support of previous findings, we show that depletion of microglia confers protection against ICH in two separate mouse models of ICH, independent of lesion size. Together with the data showing activation and production of inflammatory mediators by human microglia after ICH, these results allow us to infer a harmful role for microglia and their activation in acute hemorrhagic brain injury.

To determine possible mechanisms by which microglial elimination might confer protection after ICH, we examined the immune responses in the brain. Beyond the production of pro-inflammatory cytokines, ROS, and chemokines, microglia can also enhance early neuroinflammation by recruiting and activating leukocytes to worsen ICH-induced brain injury. Although our data cannot conclude the precise cellular sources of these inflammatory factors after ICH, we show that microglial elimination can reduce a variety of pro-inflammatory factors and ROS production after ICH, accompanied with a decrease of infiltrating leukocytes and preserved BBB integrity. Because brain inflammation and BBB dysfunction are critical factors that contribute to vasogenic edema and brain damage after ICH, we postulate that the mitigated brain inflammatory milieu after the removal of microglia contributes to the protection conferred by CSF1R inhibition in ICH. However, the precise operating mechanisms though which microglia interact with infiltrating leukocytes and orchestrate brain inflammatory milieu after ICH require further investigations. The pathological phenotype of brain edema manifests early after injury and is a composite of multiple pathways, including both cellular responses to injury and perturbation of the BBB.^[@bibr1-0271678X16666551]^

Because CSF1R is also expressed by myeloid cells including monocytes and macrophages besides brain-resident microglia, there is a possibility that PLX3397 may impact the baseline immune responses that contribute to the protection after ICH. However, previous evidence shows that elimination of microglia with PLX3397 had neither detrimental impact on the neurological function nor baseline brain inflammatory status under physiological conditions.^[@bibr45-0271678X16666551],[@bibr46-0271678X16666551]^ In agreement with these findings, we found that CSF1R inhibition appears to only affect inflammation status after ICH. In addition, PLX3397 treatment has minimal effect on monocytes and macrophages in the periphery.^[@bibr15-0271678X16666551],[@bibr47-0271678X16666551][@bibr48-0271678X16666551]--[@bibr49-0271678X16666551]^ These results suggest that protection conferred by PLX3397 treatment is caused by the removal of microglia. To understand this relatively microglia-specific effect, we postulate that in the periphery, macrophage populations can be replenished by circulating monocytes derived from multipotent hematopoietic stem cells.^[@bibr50-0271678X16666551],[@bibr51-0271678X16666551]^ Different than the periphery, the brain is separated from circulation by the BBB, and thus there is a possibility that replenishment of microglia is relatively limited in the brain. Another possibility is the vast differences regarding the levels of environmental factors in the CNS vs. periphery and/or the discrepancy of the expressions of receptors on the peripheral myeloid cells vs. brain microglia, which may be responsible for their different susceptibility to CSF1R inhibition. These possibilities require further investigations, albeit other possibilities cannot be excluded.

Our results suggest a detrimental role of microglia during the acute phase. However, still unclear are whether and how microglia may impact brain recovery after ICH. Future studies are required to eliminate microglia after the acute phase of ICH and determine the extent and mechanisms responsible for the potential impact of microglia in brain recovery after ICH.

To conclude, our data reveal that microglia are key elements in the orchestration of brain inflammation after ICH and therefore shed new light on pathogenesis of ICH.
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